The developmental control genes of the Pax family can be grouped into different subclasses according to structure and sequence homology. Here we describe the isolation and characterization of three novel Pax genes of the sea urchin for which no homologues are yet known in other animal phyla. One of these genes, suPaxB, codes for the previously characterized transcription factor TSAP which is involved in the developmental regulation of two pairs of late histone genes. Furthermore, conserved members of the Pax2/5/8 subfamily, which have so far been described only in vertebrates, were isolated not only from the sea urchin, but also from Drosophila and C. elegans. Hence, the Pax2/5/8 transcription factors constitute an ancient subfamily of highly conserved Pax proteins. During Drosophila embryogenesis, the Pax258 gene is shown to be expressed in the precursor cells of the external sensory organs, thus suggesting a role for Pax258 in the early development of the peripheral nervous system of insects.
Introduction
The developmental control genes of the Pax family have been highly conserved during evolution, as indicated by their discovery in Drosophila and subsequent isolation from vertebrates (reviewed by Noll, 1993; Stuart et al., 1994) . In addition to the sequences, the functions of these genes may also have been conserved as exemplified by Pax6, which plays a key role in eye development in Drosophila (Quiring et al., 1994) as well as in vertebrates (Hill et al., 1991; Ton et al., 1991) . Interestingly, Pax6 genes originating from different animal phyla are able to induce the formation of supernumerary eyes upon ectopic expression in Drosophila, further demonstrating a highly conserved regulatory function for Pax6 in eye morphogenesis (Halder et al., 1995; Glardon et al., 1997; Tomarev et al., 1997) . Similarly, the phenotype of mutations in the Drosophila paired gene can be partially rescued by appropriate expression of the mouse homologue Pax3 (Xue and Noll, 1996) .
Other members of the Pax gene family also fulfil important roles during embryogenesis in Drosophila and vertebrates, although functional conservation has not been directly demonstrated between these distantly related species (reviewed by Noll, 1993; Strachan and Read, 1994; Mansouri et al., 1996) . The Pax proteins are known to function as potent transcription factors which recognize their target genes primarily via the DNA-binding function of the conserved paired domain (Chalepakis et al., 1991; Treisman et al., 1991; Czerny et al., 1993) . In fact, the characterization of a B cell-specific DNA-binding activity led to the discovery of the transcription factor BSAP which was subsequently identified as the product of Pax5 .
The Pax gene family of vertebrates consists of nine members which can be divided into four subclasses according to their sequence homology . Pax2 (Dressler et al., 1990) , Pax5 (BSAP) and Pax8 (Plachov et al., 1990) constitute such a subclass of Pax genes, which has so far only been described in vertebrates. All three of these Pax proteins contain an almost identical paired domain at the N-terminus, a conserved octa-peptide, a partial homeodomain and a C-terminal regulatory module consisting of activating and inhibitory sequences Dörfler and Busslinger, 1996) . The presence of all three genes in fish and mammals and their high degree of sequence similarity strongly suggest that they originated from a common ancestral gene by gene duplications occurring before or at the onset of vertebrate evolution (P. Pfeffer and M. Busslinger, unpublished data). Interestingly, the three genes also share a common expression domain in the midbrain-hindbrain boundary region and in the spinal cord of the developing embryo Asano and Gruss, 1992) . The mid-hindbrain junction is known to be an important signalling centre for midbrain and cerebellum development (reviewed by BallyCuif and Wassef, 1995) . Mutation of the zebrafish Pax2 gene (Brand et al., 1996) or combined inactivation of the mouse Pax2 and Pax5 genes interferes with the function of this organizing centre, thus resulting in a complete loss of the posterior midbrain and cerebellum. In addition, Pax2 plays an important role in the development of the eye, ear and kidney (Torres et al., 1995 (Torres et al., , 1996 Favor et al., 1996) , whereas Pax5 is essential for B-lymphopoiesis (Urbánek et al., 1994; Nutt et al., 1997) .
The mammalian BSAP (Pax5) protein was initially identified as a B cell-specific DNA-binding activity which recognizes DNA in a similar manner as the tissue-specific activator protein TSAP of the sea urchin (Barberis et al., 1990) . TSAP was characterized as a transcription factor which binds to each promoter of two pairs of late histone H2A-2 and H2B-2 genes (Barberis et al., 1989) . Interestingly, the developmental profile of TSAP activity (Barberis et al., 1989) correlates well with the expression pattern of the H2A-2 and H2B-2 genes during late embryogenesis and in the tube foot of the adult sea urchin (Kemler and Busslinger, 1986) . Moreover, mutation of the TSAP-binding site in the H2B-2.1 promoter interfered with the expression of this gene in injected sea urchin embryos (Barberis et al., 1989) . Collectively, these data point to a critical role of TSAP in the developmental and tissue-specific regulation of the H2A-2 and H2B-2 genes. The TSAP activity has not been further characterized and hence the gene coding for this transcription factor is still unknown. However, the identification of the mammalian BSAP protein as the product of Pax5 strongly suggests that the related TSAP protein may be encoded by a member of the sea urchin Pax gene family.
Here we describe the cloning and expression analysis of five different Pax genes of the sea urchin. The paired domains encoded by three of these genes do not contain the characteristic amino acid residues defining the known Pax protein subclasses. Hence, these three genes code for novel Pax transcription factors. One of them, PaxB, was identified by different stringent criteria as the TSAP protein.
In addition, a member of the Pax2/5/8 subfamily was isolated. The presence of a highly conserved Pax258 gene in echinoderms prompted us to search for homologues in more distantly related organisms. Indeed, members of the Pax2/5/ 8 family were identified in C. elegans and D. melanogaster, thus indicating an ancient evolutionary origin of this subfamily of Pax genes. The Drosophila Pax258 gene was furthermore shown to be expressed during embryogenesis in the precursor cells of the external sensory organs which suggests a role for this gene in the development of the peripheral nervous system.
Results

Cloning and developmental expression of novel sea urchin Pax genes
In order to elucidate the molecular nature of TSAP, we first cloned different members of the sea urchin Pax gene family and then identified in a second step the candidate genes coding for TSAP. To this end, we developed a generalized PCR cloning strategy which is based on multiple degenerate primers derived from highly conserved amino acid sequences of the paired domain (Fig. 1) . Genomic DNA of the sea urchin Paracentrotus lividus and cDNA from gastrula embryos were used as templates for PCR amplification and cloning of different paired box sequences. Using this strategy, we previously isolated the sea urchin Fig. 1 . Paired domain sequences of novel sea urchin Pax genes. The paired domain sequences of Paracentrotus lividus Pax genes were obtained by PCR amplification from genomic DNA or gastrula cDNA and the deduced amino acid sequences were compared with the corresponding paired domain sequences of the mouse Pax1 (Deutsch et al., 1988) and Pax2 proteins (Dressler et al., 1990) . Amino acids which are identical with the mouse Pax1 sequence are indicated by a line. The first and last amino acids of the mPax1 protein shown are numbered according to their position within the paired domain. Arrows denote the conserved peptide sequences which were used to design degenerate primers for PCR amplification (see Section 4). Only the sequences of the longest PCR fragments are shown.
Pax6 gene (Czerny and Busslinger, 1995) . A more comprehensive analysis of the cloned PCR fragments subsequently resulted in the identification of five additional Pax genes (Fig. 1) . In total, we sequenced 107 PCR fragments which were generated with different primer combinations (Fig. 1) . A similar PCR screen of the genome of the sea urchin Strongylocentrotus purpuratus resulted in the cloning of the same Pax genes which code for almost identical paired domain sequences as the corresponding P. lividus genes (data not shown). One group of PCR fragments showed high sequence similarity to the vertebrate Pax1 and Pax9 genes, while a second group of DNA fragments coded for part of the sea urchin homologue of the vertebrate Pax2/5/8 proteins (Fig. 1) . As we could identify in the sea urchin genome only one gene of each Pax subfamily, we refer to them as suPax19 and suPax258, respectively (Fig. 1) . The remaining PCR fragments were derived from three additional Pax genes, because they code for conserved paired domain sequences. At the divergent amino acid positions, these three Pax proteins failed, however, to show any significant similarity with known subclasses of Drosophila and vertebrate Pax proteins . We conclude therefore that the three additional sea urchin genes code for novel Pax proteins which we refer to as PaxA, PaxB and PaxC, respectively.
We next studied the expression of all five Pax genes during embryogenesis and in adult tissues by RNase protection assay (Fig. 2) . In general, the abundance of the Pax gene transcripts was rather low in total RNA of the developmental stages analyzed (see legend to Fig. 2 ), which made it impossible to investigate and confirm the expression patterns of the different Pax genes by in situ hybridization analysis (A. Cameron, unpublished data). The Pax19 and PaxA genes are not expressed in the developing embryo, but only in certain adult tissues. In contrast, the more abundant PaxB and the rarer PaxC transcripts are already present as maternal mRNAs in the egg and persist throughout embryonic development, although at different relative levels. The amount of PaxB mRNA starts to decline at the gastrula stage, while the level of PaxC transcripts initially decreases in the blastula embryo and then increases again during late embryogenesis (Fig. 2) . In contrast, expression of the Pax258 gene is not observed in the egg, but is initiated during embryogenesis similar to the previously characterized Pax6 gene (Czerny and Busslinger, 1995) . The Pax258 mRNA accumulates in the mesenchyme blastula and is then present throughout the late embyronic stages. Importantly, the Pax258 and PaxB genes are both transcribed at a relatively high level in the adult tube foot which contains TSAP activity (Barberis et al., 1989) and expresses the TSAP target genes of the H2A-2 and H2B-2 family (Kemler and Busslinger, 1986) . In addition, both the Pax258 and PaxB genes are also expressed during late embryogenesis when the H2A-2 and H2B-2 transcripts are synthesized (Kemler and Busslinger, 1986) . Thus, of the five sea urchin Pax genes analyzed, only the expression patterns of Pax258 and PaxB are strictly congruent with those of the H2A-2 and H2B-2 genes, identifying them as candidate genes coding for TSAP.
TSAP is encoded by the suPaxB gene
To be able to further differentiate between the two TSAP candidate genes, we isolated full-length Pax258 and PaxB cDNAs from a P. lividus gastrula cDNA library by using the cloned PCR fragments as DNA probes (Fig. 1) . A 2.5-kb Pax258 cDNA and a 3.3-kb PaxB cDNA were cloned and the open reading frames encoding the two Pax proteins were determined by DNA sequence analysis. The amino acid sequences of the suPaxB and suPax258 proteins are shown in Figs 4 and 5, respectively, and will be discussed below. In a next step, the electrophoretic mobility, DNAbinding specificity and antibody reactivity were used as three different criteria to compare the PaxB and Pax258 proteins with the endogenous TSAP activity present in gastrula nuclear extracts. To this end, both cDNAs were inserted into the expression vector pKW2 , transiently transfected in mouse COP-8 cells and whole-cell extracts containing the ectopically expressed Pax proteins were prepared. As predicted for TSAP candidates, both Pax proteins were able to recognize the H2A-2.2 binding site in the EMSA analysis shown in Fig. 3A . The DNA-binding activity of TSAP was previously demonstrated to consist of a major, slowly migrating protein B1 and a minor, faster migrating protein B2 (Barberis et al., 1989; see Fig. 3A) . Interestingly, the Pax258 protein-DNA complex migrated between these two TSAP complexes (Fig. 3A) . In contrast, the ectopically expressed PaxB protein co-migrated with the major TSAP complex B1, suggesting that TSAP is encoded by the PaxB gene. This conclusion was confirmed by comparing the DNA-binding specificity of the two proteins with that of TSAP. A large panel of paired domain-binding sites, all of which are recognized by BSAP (Pax5) (Czerny et al., 1993) , was bound with vastly different affinities by TSAP (Fig. 3D) . The same differences were observed for the PaxB protein, while Pax258 behaved exactly as BSAP in this assay ( Fig.  3D ; see also below). Finally, we studied the interaction of the endogenous TSAP protein in the gastrula nuclear extract with polyclonal antibodies directed against the C-terminal region of both candidate Pax proteins. Consistent with the DNA-binding results, the PaxB antibodies specifically bound to the major TSAP protein B1, resulting in a supershifted complex (Fig. 3B) . In contrast, the Pax258 antibodies did not show any interaction with TSAP ( Fig. 3B ), although they specifically recognized the ectopically expressed Pax258 protein in COP-8 cell extracts (Fig.  3C ). Hence, TSAP is shown by all three criteria to be the product of the suPaxB gene. However, the faster migrating complex B2 of TSAP was not recognized by either of the two antisera (Fig. 3B) . Nevertheless, the B2 protein exhibited the same DNA sequence specificity as the major TSAP polypeptide B1 (Fig. 3D ), suggesting that both proteins contain the same DNA-binding domain. Mammalian Pax genes are known to give rise, by alternative splicing, to distinct isoforms which contain the same N-terminal paired domain but different C-terminal sequences . In analogy, it is likely that the B2 protein corresponds to an alternative splice product of PaxB and thus consists of distinct C-terminal sequences which do not react with the B1-specific PaxB antiserum.
To gain insight into the evolution of the PaxB protein, we cloned full-length PaxB cDNA also from the distantly related sea urchin species S. purpuratus. The PaxB sequences of the two species, P. lividus and S. purpuratus, have been well conserved throughout the entire length of the protein, as illustrated by the sequence comparison in Fig. 4 . Both PaxB proteins lack any homology with paired-type homeodomain sequences and thus contain the paired domain as their only DNA-binding region. Moreover, the octapeptide motif which is conserved in several Pax proteins ) is absent in the PaxB protein. We have extensively searched for a mouse PaxB homologue by using PaxB-specific primers in a PCR screen of mouse genomic DNA and embryonic cDNA. However, we failed A gastrula nuclear extract was incubated with the H2A-2.2 probe in the absence (−) or presence of 0.1 ml of a polyclonal rabbit antiserum raised against Pax258 (a-Pax258) or PaxB (a-PaxB) followed by EMSA analysis. Only the relevant part of the autoradiograph containing the protein-DNA complexes is shown. An asterisk indicates the protein-DNA complex which is supershifted by the antibody. The two polyclonal rabbit antisera were raised against amino acids 417-529 of Pax258 ( Fig. 5 ) and amino acids 521-629 of PaxB (Fig. 4) , respectively. (C) Specificity of the anti-Pax258 and anti-PaxB antibodies. The suPax258 and suPaxB proteins were expressed in transiently transfected COP-8 cells and whole-cell extracts were incubated with the indicated antiserum as described in (B). (D) Differential sequence recognition of Pax258 and PaxB proteins. Endlabelled oligonucleotides containing different BSAP recognition sites were analysed by EMSA for binding of the endogenous TSAP activity present in gastrula nuclear extracts and of ectopically expressed suPaxB, suPax258 and BSAP (hPax5) proteins. Only the relevant part of the autoradiograph containing the protein-DNA complexes is shown. The specificity of the different TSAP and BSAP complexes was previously verified by competition with specific oligonucleotides as well as by mutagenesis of some of the recognition sequences (Barberis et al., 1989; Barberis et al., 1990; Czerny et al., 1993) . The protein-DNA binding reactions were preformed in the presence of a large DNA probe excess (non-saturating conditions). Note that TSAP efficiently binds to the H2A-2.2 site in the gastrula nuclear extract, if the concentration of the DNA probe is limiting (see (A) and Barberis et al., 1989) . The different BSAP-binding sites originate from the sea urchin H2A-2 and H2B-2 genes (Barberis et al., 1989) , the human CD19 gene , the Drosophila even-skipped promoter (e5, Treisman et al., 1991; PRS-5, Chalepakis et al., 1991) and from different regions of the immunoglobulin heavy-chain gene (aS-1, Waters et al., 1989; 5′Sg2a, Liao et al., 1992; Sg1, Williams and Maizels, 1991; Ie, Rothman et al., 1991) .
to isolate any PaxB-specific sequences, suggesting that the mammalian genome does not contain a PaxB gene.
Identification of C. elegans and Drosophila homologues of the Pax2/5/8 family
The sea urchin Pax258 protein shows extensive sequence homology with the three vertebrate Pax2/5/8 members ( Fig.  5) , which suggests an ancient evolutionary origin for this class of Pax proteins. Indeed, a search of the C. elegans sequence database identified two additional homologues of the Pax2/5/8 family. Careful inspection of the DNA sequences of the two C. elegans genes resulted in exonintron structures predicting that both loci code for almost identical amino acid sequences termed here cePax258A and cePax258B (Fig. 5) . These protein sequences differ, however, from those which have been assembled by the genefinder programme in the database (Fig. 5) . We therefore verified our assignment by using C. elegans mixed-stage RNA for RT-PCR cloning of the coding sequences of the cePax258A and cePax258B mRNAs. Interestingly, the C. elegans Pax258 proteins are relatively short, as they contain the conserved paired domain and octapeptide, but lack the C-terminal sequences present in other Pax2/5/8 proteins (Fig. 5) .
The sequence information of Pax2/5/8 proteins from distantly related organisms allowed us to design degenerate PCR primers which are specific for this subfamily (Fig.  5 ). With these primers we were able to amplify from the Drosophila genome a paired domain DNA fragment which originated from a novel Pax gene here referred to as dPax258. Two overlapping cDNA fragments were subsequently isolated by screening Drosophila embryonic cDNA libraries. Together, these two cDNA clones contained the entire coding sequence of Pax258 except for the first N-terminal amino acids (Fig. 5) . The Drosophila Pax258 protein shows significant sequence homology with other members of the Pax2/5/8 family. The sequence conservation is particularly high in the paired domain and octapeptide motif. The vertebrate Pax2/5/8 proteins are known to contain a region with sequence similarity to the N-terminal half of the paired-type homeodomain (Krauss et al., 1991; . This sequence motif, which may mediate the interaction with other transcription factors, is also present in the sea urchin Pax258 homologue, while it is absent in the corresponding Drosophila and C. elegans proteins (Fig. 5) . A C-terminal regulatory module consisting of activating and inhibitory sequences has recently been shown to determine the transactivation potential of the sea urchin and vertebrate Pax2/5/8 proteins (Dörfler and Busslinger, 1996) . Both regulatory domains are also highly conserved at the amino acid sequence level with the notable exception of the extended inhibitory region of the sea urchin Pax258 transcription factor (Fig. 5; Dörfler and Busslinger, 1996) . The Drosophila Pax258 protein shares significant homology with these two regulatory domains of the other Pax2/5/8 family members. Consistent with this finding, the C-terminal sequences of the Drosophila Pax258 protein also possess transactivating and inhibitory functions, as determined by the GAL4 fusion assay in transiently transfected Drosophila Schneider cells (T. Czerny, unpublished data).
The DNA sequence recognition by Pax2/5/8 proteins is conserved from Drosophila to man
Mutational and X-ray crystallographic analyses of the paired domain revealed a bipartite structure for this DNAbinding motif. The paired domain thus consists of two helixturn-helix (HTH) motifs which recognize two distinct half- Fig. 4 . Conservation of the PaxB protein in two distantly related sea urchin species. The amino acid sequence deduced from the open reading frame of a Paracentrotus lividus PaxB cDNA clone is compared with the corresponding sequence of a Strongylocentrotus purpuratus cDNA clone. Both cDNA sequences were isolated from gastrula cDNA libraries of the respective species. The first in-frame methionine codon matches the consensus sequence for translation initiation (Kozak, 1991) and was therefore chosen as the start codon. Identical amino acid residues of the two sea urchin proteins are indicated by a line in the PaxB sequence of S. purpuratus. Gaps introduced for optimal sequence alignment are denoted by dots and the paired domain is boxed. An arrowhead indicates the position of an intron in the middle of the paired domain which was determined by PCR analysis of genomic DNA of P. lividus. The Pacific sea urchin S. purpuratus diverged from the Mediterranean species P. lividus about 65 million years ago (Busslinger et al., 1982) . sites in adjacent major grooves of the DNA helix (Czerny et al., 1993; Xu et al., 1995) . Interestingly, the sequence conservation among the different members of the Pax2/5/8 family is particularly high in the paired domain except for the following notable differences (Fig. 5) . Non-conservative amino acid changes are clustered in the first a-helix of the N-terminal subdomain of the C. elegans Pax258 proteins and additional substitutions are scattered throughout the C-terminal subdomain in all invertebrate Pax2/5/8 family members (Fig. 5) . As three amino acid substitutions can already be sufficient to change the DNA sequence specificity of the paired domain (Czerny and Busslinger, 1995) , we next investigated the DNA-binding properties of different members of the Pax2/5/8 family. In this context it is important to note that, whereas the consensus recognition sequence of the paired domain is known to be remarkably similar for Pax proteins of different subfamilies (Epstein et al., 1994; Czerny and Busslinger, 1995; Jun and Desplan, 1996) , the affinities differ vastly for naturally occurring binding sites (Czerny et al., 1993; Czerny and Busslinger, Fig. 5 . Evolutionary conservation of members of the Pax2/5/8 protein family. The Drosophila, sea urchin and C. elegans Pax258 proteins were compared with the previously characterized mouse Pax5 (BSAP; Adams et al., 1992) , mouse Pax2 (Dressler et al., 1990) , mouse Pax8 (Plachov et al., 1990) and zebrafish Pax2 (zfPax[b] ; Krauss et al., 1991) proteins. Only the sequences of the alternatively spliced mPax2b and mPax8b isoforms, which are collinear with BSAP (Pax5; Kozmik et al., 1993) , are shown and have been corrected according to Adams et al. (1992) . Grey shading highlights positions where at least three amino acids are identical among the aligned sequences. In addition, conservative amino acid substitutions at the same position are also indicated by grey shading. Dotted lines denote gaps which have been introduced for optimal sequence alignment. The paired domain, the conserved octapeptide and the partial homeodomain are boxed. Brackets denote the C-terminal transactivating and inhibitory domains which have been characterized in the sea urchin and vertebrate Pax2/5/8 proteins (Dörfler and Busslinger, 1996) . Arrows indicate the peptide sequences used to design the degenerate primers for PCR amplification of a Pax258 DNA fragment from the Drosophila genome. The Drosophila Pax258 sequence was assembled from two overlapping cDNA clones coding for amino acids 1-303 and 169-472, respectively. The 5′ cDNA clone was derived from an incompletely spliced transcript which still contained an intron upstream of the first paired domain exon. In the absence of the N-terminal sequences (indicated by dashes), the amino acids of the Drosophila Pax258 protein have been numbered starting with the first residue of the paired domain. The sequence of the sea urchin Pax258 protein originates from a single cDNA clone. The third methionine codon within the open reading frame was chosen as translation start site in agreement with its conservation in the vertebrate Pax2 and Pax5 genes, although initiation of translation at the upstream codons is also conceivable. Only the N-terminal sequence encoded by the alternative exon 1B of Pax5 is shown . The C. elegans cePax258A and cePax258B protein sequences were assembled from the DNA sequences of cosmids C04G2 and K06B9, respectively, and the correct assembly was verified by RT-PCR analysis (see Section 4). 1995). This effect is best explained by differences in the ability of Pax proteins to tolerate mismatches from the consensus recognition sequence (Czerny et al., 1993; Czerny and Busslinger, 1995) . As illustrated by the EMSA experiment in Fig. 3D , large differences in the DNA-binding specificity were observed for the full-length suPaxB and suPax258 proteins. In contrast, the same panel of paired domain-binding sites was recognized in an identical manner by the suPax258 and hPax5 (BSAP) proteins. This indicates that the DNA-binding properties of the Pax2/5/8 proteins have been highly conserved between echinoderms and vertebrates (Fig. 3D) . To extend this analysis to other members of the Pax2/5/8 family, we synthesized the respective paired domain polypeptides as histidine-tagged proteins in E. coli followed by protein purification. All Pax2/5/8 polypeptides from Drosophila to man interacted in an identical or highly similar manner with six binding sites which were selected on the basis of their differential affinities for Pax proteins of different subclasses (Fig. 6 ). As expected, large differences were observed for the control polypeptides containing the hPax3 and mPax6 paired domains (Fig. 6) . We conclude therefore that the DNA-binding function of distantly related Pax2/5/8 proteins has been highly conserved and is thus not affected by the few amino acid substitutions observed in the paired domain.
Expression of the Pax258 gene in the peripheral nervous system of the Drosophila embryo
The developmental expression pattern of the Pax258 gene during Drosophila embryogenesis was next analyzed by whole-mount in situ hybridization with a cDNA probe containing sequences downstream of the paired domain. During development, transcripts of the Pax258 gene were first detected in a segmentally reiterated pattern after completion of germ-band elongation (stage 10). The expression of Pax258 was initiated in one or two cells per hemisegment (Fig. 7A) , was then rapidly expanded to a cluster of few cells and subsequently became more complex in early stage-11 embryos (Fig. 7B) . The characteristic expression pattern of Pax258 persisted in each hemisegment during the germ-band retraction period until stage 14 (Fig. 7C,D) . Thereafter, the expression of Pax258 started to decline in each hemisegment as illustrated by the stage-17 embryo in Fig. 7E . This dynamic expression pattern is typical of the developing peripheral nervous system (PNS), which mainly consists of external and internal sensory organs (Jan and Jan, 1993) . The external sensory organs receive mechanical and chemical signals from the environment, while the internal chordotonal organs function as stretch receptors (Jan and Jan, 1993) . The Drosophila cut gene is known to be expressed in the precursors and differentiated cells of the external sensory organs (Blochlinger et al., 1988 (Blochlinger et al., , 1990 , while the couch potato (cpo) gene is expressed in all PNS cells including the internal sensory organs (Bellen et al., 1992a,b) . In the next step, we therefore compared the expression pattern of Pax258 with that of cut and cpo in stage-13 embryos. The Pax258 gene (Figs. 7C,D and 8A ) was expressed in a similar manner to cut (Fig. 8B) in the thoracic and abdominal segments of the embryo, while its expression pattern appeared to differ from that of the cpo gene ( Fig. 8C ; chordotonal organ indicated by arrow). These comparative expression data suggest therefore that the Pax258 gene is predominantly transcribed in the external sensory organs, although expression in a few cells of the chrodotonal organs may not have been detected at the resolution provided by the in situ hybridization technique.
Transcripts of the Pax258 gene were also observed in the Fig. 6 . Conservation of the DNA-binding specificity between distantly related members of the Pax2/5/8 family. Histidine-tagged paired domain polypeptides, which were expressed in E. coli, were used for EMSA analysis with labelled oligonucleotides containing various paired domain recognition sequences. A large excess of each DNA probe was incubated either with 3 ng of the purified polypeptides of the Pax2/5/8 members or with 20 ng of the human Pax3 and mouse Pax6 polypeptides. Only the relevant part of the autoradiograph containing the protein-DNA complexes is shown. The origin of the recognition sequences is described in the legend to Fig. 3D except for the z-crystallin site which is derived from a guinea pig z-crystallin gene . The specificity of the interaction of different Pax proteins with the recognition sequences shown was previously demonstrated by competition with specific oligonucleotides as well as by mutagenesis of the recognition sequences (Barberis et al., 1989 (Barberis et al., , 1990 Czerny et al., 1993) .
sensory organs of the head region (Fig. 7D) , which have, however, been described in less detail than those of the thoracic and abdominal segments (Jürgens et al., 1986 ). According to their topological position (Jürgens et al., 1986) , the clusters of Pax258-expressing cells have been identified as the antennal, maxillary, ventral and labial sense organs of the head (Fig. 7D) . At stage 13, the Pax258 gene was neither expressed in the ventral nor cephalic central nervous system (CNS) (Figs. 7D and 8A ). At stage 15 however, the expression of Pax258 was initiated in the CNS of the ventral nerve cord and head region where it persisted throughout later embryogenesis (Fig. 7E) . Taken together, the early expression pattern of Pax258 suggests a role for this gene in external sensory organ development of Drosophila.
Discussion
The developmental control genes of the Pax family were first discovered in Drosophila and subsequently in vertebrates, indicating an ancient origin for this gene family (reviewed by Noll, 1993; Stuart et al., 1994) . According to sequence homology, the different Pax genes of Drosophila and vertebrates can be divided into four subclasses Noll, 1993) . Homologous genes for three of these subclasses have been identified both in insects and vertebrates (Noll, 1993; Quiring et al., 1994) . However, no homologues of the mammalian Pax2/5/8 gene family have so far been isolated from invertebrates. Here, we report the cloning of members of this subfamily from the Drosophila, C. elegans and sea urchin genomes. Moreover, we have isolated four additional sea urchin Pax genes by PCR cloning with primers derived from highly conserved Fig. 7 . Fig. 8 . paired domain sequences. One of these genes, suPax19, belongs to the same subfamily as the vertebrate Pax1, Pax9 and Drosophila Pox meso genes (Deutsch et al., 1988; Bopp et al., 1989; Stapleton et al., 1993) . Previously, we also characterized a sea urchin Pax6 gene (Czerny and Busslinger, 1995) and hence, the sea urchin homologues of three Pax subfamilies have been identified to date. No sea urchin member of the conserved subfamily consisting of the vertebrate Pax3/Pax7 and Drosophila gooseberry/paired genes was isolated despite the analysis of a large number of PCR fragments which were obtained with different combinations of primer pairs. Interestingly, we have also cloned three novel genes (PaxA, PaxB and PaxC) from the sea urchin genome which code for proteins that cannot be assigned to any of the known Pax subclasses. An extensive PCR-based search has so far failed to identify homologues of these Pax genes in the mouse and human genomes, suggesting that the three novel genes may be present only in invertebrates.
Regulation of the sea urchin H2A-2 and H2B-2 genes by suPaxB (TSAP)
TSAP was initially discovered as a transcription factor which is involved in the developmental and tissue-specific regulation of two non-allelic pairs of late H2A-2 and H2B-2 genes during sea urchin ontogeny (Barberis et al., 1989) . Subsequently, the mammalian BSAP protein was identified as a B cell-specific DNA-binding activity which interacts with the TSAP-binding sites of these histone gene promoters (Barberis et al., 1990) . The similar DNA-binding properties of TSAP and BSAP as well as the identification of BSAP as the product of Pax5 ) strongly predicted that TSAP may be encoded by the sea urchin Pax258 gene. Much to our surprise, we have now determined on the basis of three different criteria, that TSAP is the product of PaxB, one of the novel sea urchin Pax genes. First, the PaxB protein recognizes the TSAP-binding sites of all four histone gene promoters and furthermore exhibits the same DNA-binding specificity as TSAP in contrast to the suPax258 protein. Second, the DNA complexes of PaxB and TSAP show the same electrophoretic mobility in EMSA assays. Third, antibodies directed against the C-terminal PaxB sequences specifically recognize the endogenous TSAP activity in gastrula nuclear extracts, while the Pax258 antiserum does not react with TSAP. Upon reinvestigation of the DNA sequence specificity of TSAP (PaxB), we noticed a discrepancy between our new DNA-binding data and the previously published results which can be attributed to differences in the DNA probe concentration used. TSAP (PaxB) appears to bind with equal affinity to all four binding sites of the histone gene promoters, if the DNA probes are used at limiting concentration in the EMSA assay (Barberis et al., 1989 ; see also Fig. 3A) . However, under conditions of probe excess, TSAP recognizes the binding sites of the H2A-2.1 and H2B-2.1 genes with higher affinity than the respective sites of the H2A-2.2 and H2B-2.2 promoters (Fig. 3D) . This difference in affinity could explain the differential regulation of the two pairs of late histone genes (Kemler and Busslinger, 1986) . We have previously observed an increase in the DNA-binding activity of TSAP from the blastula to the gastrula stage which correlates with the onset of H2A-2.1 and H2B-2.1 expression in the late blastula embryo (Barberis et al., 1989) . In contrast, the H2A-2.2 and H2B-2.2 genes are activated only later in development (Kemler and Busslinger, 1986) when the TSAP activity reaches its maximal level and thus may also fully occupy the low-affinity sites of these two genes. As expected, the PaxB gene is co-expressed with the H2A-2 and H2B-2 genes during late embryogenesis as well as in the tube foot of the adult sea urchin (Kemler and Busslinger, 1986; Fig. 2) . It is interesting to note that the PaxB transcript is already abundant as maternal mRNA in the egg and during the cleavage stages (Fig. 2) , although the TSAP protein accumulates to maximal levels only later in embryogenesis (Barberis et al., 1989) . Hence, the PaxB mRNA appears to be subjected to translational control in oogenesis and early development of the sea urchin.
Evolutionary conservation and duplication of members of the Pax2/5/8 gene family
The isolation of Pax258 genes from different invertebrate species revealed an ancient evolutionary origin of the Pax2/ 5/8 family. In particular, the paired domain and octapeptide motif of the Pax2/5/8 proteins have been extremely well Fig. 7 . Expression of the Pax258 gene in the nervous system of the Drosophila embryo. The expression pattern of the Pax258 gene was analyzed by wholemount in situ hybridization at stage 10 (A), early 11 (B), 12 (C), 13 (D) and 17 (E) of Drosophila embryogenesis (for staging, see Campos-Ortega and Hartenstein, 1985) . All embryos are shown as lateral view with their anterior end to the left and their dorsal side up except for the stage-17 embryo (E) which is shown in ventrolateral view. A higher magnification of the anterior half of a stage-13 embryo is shown in (D). The three thoracic segments (T1, T2 and T3) and the first two abdominal segments (A1 and A2) are indicated. The groups of stained cells in the head region were tentatively identified as antennal sense organ (aso), maxillary sense organ (mso), ventral organ (vo) and labial sense organ (lso) according to Jürgens et al. (1986) . Pax258 expression was also seen at the anterior end of the embryo in the labral sense organ which is out of the focal plane in (D). Arrows indicate Pax258-expressing cells in the ventral nerve cord of the stage-17 embryo (E), while an arrowhead points to Pax258 staining in the brain region which is for the most part out of the focal plane shown. conserved throughout evolution (Fig. 5) . Previous mutational analyses identified the paired domain as the only DNA-binding region of Pax5 (BSAP) which is a prototypic member of the Pax2/5/8 family Czerny et al., 1993) . Consistent with this notion, the Pax2/5/8 proteins from Drosophila to man recognize DNA in an identical manner, thus indicating strict conservation of the paired domain function (Fig. 6) . Interestingly, the second conserved element, the octapeptide sequence, appears to function as a protein-protein interaction motif (D. Eberhard and M. Busslinger, unpublished data). Hence, in addition to the DNA-binding function, the interaction of the Pax2/5/8 proteins with other transcription factors may also have been conserved during evolution. Furthermore, most but not all members of the Pax2/5/8 family also show high sequence homology in the region of the partial homeodomain as well as in the C-terminal activating and inhibitory domains.
The complexity of the Pax2/5/8 gene family differs in different animal phyla. The vertebrate genome contains three genes, Pax2 (Dressler et al., 1990) , Pax5 and Pax8 (Plachov et al., 1990) , which have apparently arisen from a common ancestral gene by gene duplications occurring before or at the onset of vertebrate evolution (P. Pfeffer and M. Busslinger, unpublished data). In agreement with this idea, we have been able to isolate only one Pax258 gene from the sea urchin as well as from Drosophila. However, the C. elegans genome contains two Pax258 genes which must have originated by a recent gene duplication event in the nematode lineage, as they code for highly related proteins (88% sequence identity). cePax258A has recently been identified as the essential gene egl-38 which is involved in the development of the rectum and uterus of C. elegans (H. Chamberlin and P.W. Sternberg, pers. commun.). Hence, it will be of interest to see whether the cePax258B gene also plays an important role in the same genetic cascade as cePax258A (egl-38) .
Pax genes which arose by gene duplications have often acquired distinct functions in the same morphogenetic pathway which is also reflected by their similar, but non-identical expression patterns. For instance, the vertebrate Pax2/ 5/8 genes are all expressed in an overlapping manner in the midbrain-hindbrain boundary region of the developing embryo Asano and Gruss, 1992) and two of them, Pax2 and Pax5, are essential for midbrain and cerebellum development in the mouse (Urbánek et al., 1994; Urbánek et al., 1997) . Likewise, the murine Pax4 and Pax6 genes are both expressed in the pancreas where they fulfil distinct functions in the development of this organ (SosaPineda et al., 1997; St-Onge et al., 1997) . In Drosophila, the paired (prd) and gooseberry (gsb) genes play important roles in the embryonic segmentation process (Kilchherr et al., 1986; Baumgartner et al., 1987; Côté et al., 1987) , while both eyeless (ey) and twin-of-eyeless (toy) are involved in the eye developmental pathway (Quiring et al., 1994; Czerny et al., 1997) . Interestingly, a direct epistatic relationship between duplicated Pax genes has been demonstrated in Drosophila; prd regulates gsb M. Bouchard, unpublished data) , gsb activates gooseberry neuro and toy regulates ey in their overlapping expression domains (Czerny et al., 1997) . The intercalation of one of the duplicated genes below the other in the same developmental pathway can be best explained if the ancestral gene has been under autoregulatory control. Following duplication, both genes would initially have the potential to cross-regulate each other. The subsequent loss of the autoregulatory element in one of the two genes could then lead to the establishment of a hierarchical relationship between the two genes. In this context it is interesting to note that a subset of the Pax258-expressing cells in the PNS of Drosophila transcribe another Pax gene, Pox neuro (Dambly-Chaudière et al., 1992) . Pox neuro is distantly related to all known Pax proteins and yet its paired domain shows the highest similarity to the corresponding sequences of the Pax2/5/8 family Noll, 1993) . It is therefore tempting to speculate that both Drosophila genes may have originated by an ancient duplication event which subsequently led to the regulation of Pox neuro by Pax258 in the PNS.
Expression of the Drosophila Pax258 gene during external sensory organ development
The peripheral nervous system (PNS) of Drosophila consists of two groups of sensory structures, i.e. the external sensory and internal chordotonal organs. Most of the external sensory organs are innervated by a single neuron. These mono-innervated organs function as mechanoreceptors and are the most abundant sensory structures in each segment of the larva and adult fly. Each segment also contains a few external sensory organs which are innervated by several (two to four) neurons. These poly-innervated organs act as chemoreceptors, while the internal chordotonal organs function as stretch receptors. Each sense organ consists of a set of three to four support cells in addition to the neuron(s), all of which originate form a single progenitor cell called the sensory organ precursor (SOP). The first SOPs emerge at stage 10 of Drosophila development and give rise to sensory organ cells after two to three cell divisions during stages 11 and 12. Starting at stage 13, these cells then begin to differentiate into the distinct cell types of the mature sensory organ (reviewed by Jan and Jan, 1993) .
By in situ hybridization analysis we have demonstrated that the Pax258 gene is expressed in the developing PNS of the Drosophila embryo. Its expression pattern resembles that of cut, which is expressed in the precursors and differentiated cells of the external sensory organs (Blochlinger et al., 1988 (Blochlinger et al., , 1990 . The Pax258 gene is transcribed in all mono-innervated and possibly the poly-innervated external sensory organs (Figs. 7 and 8) in contrast to the Pox neuro gene which is restricted in its expression to the poly-innervated sense organs (Dambly-Chaudière et al., 1992) . During development, the expression of Pax258 (Fig. 7A) is initiated in the SOPs as early as cut (Blochlinger et al., 1990; our unpublished data) and is then switched off during terminal differentiation of the external sensory organs (starting at stage 15). At this late period in embryogenesis, the expression of Pax258 is observed for the first time in the central nervous system. Interestingly, the Pax258 mRNA could not be detected in the Malphigian tubules (Fig. 8) which functionally correspond to the vertebrate kidneys where the Pax2 and Pax8 genes are transiently expressed during organogenesis (Dressler et al., 1990; Plachov et al., 1990) . As shown by gain-and loss-of-function experiments, the two transcription factor genes, cut and Pox neuro, act as neural identity genes during PNS development. Cut is both necessary and sufficient for specifying the identity of external sensory organs (Bodmer et al., 1987; Blochlinger et al., 1988 Blochlinger et al., , 1991 . Instead, Pox neuro functions as a selector protein in determining the lineage of the poly-innervated sense organ (Dambly-Chaudière et al., 1992) . In this context, it will be of great interest to identify the function and position of Pax258 in the transcriptional hierarchy of external sensory organ development.
The same Pax258 gene of Drosophila was independently cloned and characterized by W. Fu and M. Noll (pers. commun.) . These authors discovered that Pax258 is expressed in the differentiating ommatidia of the eye imaginal disc in addition to the peripheral and central nervous system of the embryo. In agreement with this larval expression pattern, Fu and Noll could identify an important role of Pax258 in eye development, as the eye-specific enhancer of this gene was found to be inactivated by hypomorphic mutations in several sparkling (spa) alleles. Based on our analysis of the Pax258 expression pattern in the embryo, we predict that this gene plays an important role already earlier in development by controlling the morphogenesis of external sensory organs. This hypothesis can now be tested by the generation and phenotypic analysis of null mutations in the Pax258 (spa) locus.
Experimental procedures
PCR and RT-PCR assays
The following degenerate primers were used for PCR amplification of paired domain DNA fragments of sea urchin Pax genes: C, 5′ CGCGCTAGCAPuPyPy(G/ T)N(G/T)(G/C)PyC(G/T)(Pu/T)ATPyTCCCA 3′; D, 5′ GCGGAATTCTTPyPuPNAAPyGGN(C/A)GPuCCNPyT-NCC 3′; E, 5′ CGCAAGCTTAPu(Pu/T)ATPyTTN(G/C)(T/ A)NACPuCANCCPuTG 3′; F, 5′ GCGGAATTCGPyNAT-(Py/A)GGNGGN(T/A)(G/C)NAAPuCC 3′.
The primers A and B (Fig. 1 ) have previously been described (Czerny and Busslinger, 1995) . Genomic DNA or gastrula cDNA of the sea urchin P. lividus and S. purpuratus were used as template for PCR amplification as described (Czerny and Busslinger, 1995) . The following two oligonucleotides were used for PCR amplification of a Pax258 gene fragment from genomic DNA of Drosophila: 5′ GCGGAATTCGGN(T/A)(G/C)NAAPuCCNAAPuGT-NGC 3′ and 5′ GCGAGAAGCTTATPyTCCCANGCPuAACATNGT 3′. Total RNA isolated from mixed developmental stages of C. elegans was used for RT-PCR cloning of a 813-bp cDNA fragment of the cePax258A transcript using the primers 5′ GCGGGATCCCACACGGGCGT-CAATCAAT 3′ and 5′ GCGAAGCTTGATTCTCAA-TAAAGCTAACTTTCA 3′. Likewise, a 381-bp cDNA transcript containing the paired domain of the cePax258B gene was amplified by PCR with the oligonucleotides 5′ GCGGGATCCCACACGGGCGTTAATCAGT 3′ and 5′ GCGAAGCTTATACCTTATTCCGTACAATTCGA 3′. All amplified DNA fragments were cloned into the poly-linker of plasmid pSP64 and analyzed by DNA sequencing.
cDNA cloning
A P. lividus gastrula cDNA library (constructed in lgt10; Czerny and Busslinger, 1995) was screened with 32 Plabelled DNA fragments containing the paired box sequences of the suPax258 and suPaxB genes. The resulting full-length cDNA fragments were excised from the phage DNA and recloned into the expression vector pKW2 followed by DNA sequence analysis. The same procedure was applied for the cloning of S. purpuratus PaxB cDNA from a gastrula cDNA library (constructed in l-ZAP; provided by E. Davidson). Similarly, a Drosophila lgt10 cDNA library (8-12 h of development; obtained from W. Gehring) and a l-ZAP cDNA library (2-14 h of development; purchased from Stratagene) were used for the isolation of two overlapping dPax258 cDNA clones.
RNase protection analysis
Total RNA was isolated from different developmental stages and adult tissues of the sea urchin P. lividus as described (Czerny and Busslinger, 1995) and 5 mg of RNA was analyzed by RNase protection assay according to Vitelli et al. (1988) . The riboprobes were generated by cloning of the different paired domain cDNA fragments in antisense orientation downstream of the SP6 promoter of plasmid pSP64.
Generation of polyclonal antibodies
The bacterial expression system pETH-2a was used for the synthesis of histidine-tagged polypeptides containing the C-terminal 113 and 109 amino acids of the suPax258 and suPaxB proteins, respectively. The recombinant proteins were purified on Ni 2 + -nitriloacetic acid (NTA) agarose and rabbits were immunized with 100 mg of purified protein which was emulsified with complete Freund's adjuvant at a ratio of 1:1. Boosts were given at weeks 2, 3 and 5 after the initial injection.
Ectopic expression and EMSA analysis of Pax proteins
The suPax258 and suPaxB cDNAs were cloned into the eukaryotic expression vector pKW2, transiently transfected into mouse COP-8 cells by the DEAE-dextran method and 2 days later, whole-cell extracts were prepared as described . Nuclear extracts were prepared from gastrula embryos of the sea urchin by a previously published procedure (Barberis et al., 1989) . The oligonucleotides used for EMSA analysis have been described (Czerny et al., 1993) except for the z-crystallin binding site 5′ tcgactgcatcattGCTAAACCATCCGTGCAAATgcactgcg 3′ annealed with 5′ tcgacgcagtgcATTTGCACGGATGGTTTAGCaatgatgcag 3′. Whole-cell or nuclear extracts containing 1 mg of protein were incubated with 5 fmol of pre-annealed and labelled oligonucleotides, 1 mg of poly[d(I-C)], 10 mM HEPES (pH 7.9), 100 mM KCl, 4% Ficoll and 1mM EDTA. Protein-DNA complexes were separated on native 6% polyacrylamide gels in 0.25 × Tris-borate-EDTA buffer. Bacterially expressed paired domain polypeptides (3 or 20 ng of purified protein) were analyzed by the same EMSA method except that the protein-DNA complexes were separated on 8% polyacrylamide gels. The bacterial expression system pETH-2a was used for the synthesis and subsequent purification of polypeptides which contained the 128 amino acid-long paired domain sequence of the different Pax proteins linked to a polyhistidine tag at the N-terminus.
In situ hybridization analysis of Drosophila embryos
A 304-bp cDNA fragment consisting of the dPax258 sequences located between the paired domain and octapeptide motif was used as in situ hybridization probe. This DNA fragment was obtained from cloned dPax258 cDNA by PCR amplification with the primers 5′ GCGGAATTCG-CCGAGAAAGCCAAACACGTACAT 3′ and 5′ GCGA-GAAGCTTATATCCAGTCGTTCTTTGTTCA 3′. The amplified DNA fragment was gel-purified and 100 ng were subjected to linear PCR amplification with the latter antisense oligonucleotide in the presence of digoxygenin-11-dUTP (at the concentration recommended by the manufacturer, Boehringer Mannheim). The conditions of PCR amplification were 35 cycles at 94, 55 and 72°C (30 s for each step). The couch potato (cpo) DNA probe was generated by RT-PCR amplification of a 852-bp cDNA fragment from total RNA of mixed Drosophila embryonic stages and by subsequent cloning of the PCR product into the dT-tailed vector pT7Blue (Novagen). The following cpo sequences (Bellen et al., 1992a) were used as primers: 5′ AGCAG-CAGCCATCCGAGCAACA 3′ and 5′ GTGCGATTCGT-GGGCGGGACTG 3′. The cpo probe was digoxygeninlabelled by linear PCR amplification as described above. A 2.1-kb EcoRI fragment of cloned cut cDNA (Blochlinger et al., 1988) was subcloned into pBluescript II and then labelled with digoxygenin-11-dUTP by random priming.
The different DNA probes were hybridized to wholemount Drosophila embryos followed by detection with anti-digoxygenin antibodies essentially as described (Tautz and Pfeifle, 1989) .
Exon-intron structure of the C. elegans Pax258 genes
The cePax258A and cePax258B genes were identified by using the Pax5 paired domain sequence for a blast search of the C. elegans genome sequence database. The two genes were located on cosmids C04G2 (EMBL accession number Z70718; cePax258A) and K06B9 (EMBL accession number U50072; cePax258B), respectively. Both cosmids were sequenced during the course of the C. elegans genome sequencing project at the Genome Sequencing Center (Washington University, St. Louis. MO) and at the Sanger Centre (Hinxton Hall, Cambridge, MA). Upon careful analysis of the genomic sequences, we realized that an exon assignment could be chosen which results in two almost identical amino acid sequences for the two genes. These assignments deviate from the exon-intron structures proposed by the genefinder programme in the database entries. The complementary DNA strand of cosmid C04G2 contains the coding sequences of the cePax258A gene which are assembled by joining the exons at the following nucleotide positions: 20148(stop codon)…20338, 20584…20797, 21636…21701, 21783…21901, 22058…22122, 22301…22451, 22519…(start codon)22594. Likewise, the coding sequences of the cePax258B gene are assembled from the complementary DNA strand of cosmid K06B9 as follows: 13298(stop codon)…13488, 13621…13834, 15080…15145, 15195…15313, 15493…15557, 15812…15962, 16279…(start codon)16366.
Nucleotide sequence accession numbers
The cDNA sequences described in this manuscript have been submitted to GenBank under the following accession numbers: suPax19 (AF016882), suPax258 (AF016883), suPaxA (AF016884), suPaxB (P. lividus; AF016885), suPaxB (S. purpuratus; AF016886), suPaxC (AF016887) and dPax258 (AF016888).
Note added in proof
The work cited as W. Fu and M. Noll (pers. commun.) has recently been published (Fu, W. and Noll, M. (1997) . The Pax2 homolog sparkling is required for development of cone and pigment cells in the Drosophila eye. Genes Dev. 11, 2066 Dev. 11, -2078 . The data cited as H. Chamberlin and P.W. Sternberg (pers. commun.) is now in press (Chamberlin, H.M., Palmer, R.E., Newman, A.P., Sternberg, P.W., Baillie, D.L. and Thomas, J.H. (1997) . The PAX gene egl-38 mediates developmental patterning in Caenorhabditis elegans. Development, in press).
